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Application of the Ant Colony Search Algorithm to Reactive Power
Pricing in an Open Electricity Market
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Abstract: Developing an accurate and feasible method foetireapower pricing is important in the
electricity market. In conventional optimal powésvf models the production cost of reactive power
was ignored. In this study, the production costaxctive power was comprised into the objective
function of the OPF problem. Then, using ant col@®arch algorithm, the optimal problem was
solved. The IEEE 14-bus system has been used fdicapon of the method. The results from several
study cases show clearly the effects of varioutofamn reactive power price.
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INTRODUCTION actual reactive power pricéd. Hao and
Papalexopould® note that the reactive power marginal
The traditional regulated and monopoly structureprice is typically less than 1% of the active power
of power industry throughout the world is erodimgpi  marginal price and depends strongly on the network
an open-access and competitive environment. constraints. The cost of reactive power production
Thus planning and operation of the utilities aremodeling is difficult because of differences inataee
based on the economic principles of open-accesgower generation equipment, local geographical
markets. In this new environment electric markets a characteristics of reactive powérSeveral applications
essentially competitive. Until now, effort has beenusing a model of the cost of reactive power praduact
directed primarily toward developing methodologies have been develop@d™®. However, despite the
determine remuneration for the active power of thecomplexity of the proposed models and results
generators. Although the investment in electric @ow obtained, a precise definition of the cost of ri&ct
generation and the fuel cost represent the mogtower production and the methodology to obtain the
important costs of power system operation, reactiveeost curves are not very clear.

power is becoming more and more important, In a competitive electric market the generatory ma
especially from the view of security and the ecoitom provide the necessary reactive power compensation i
effect caused byft. they are remunerated by the service but taking into

As to ancillary services, reactive power gccount the loss of opportunity in  the
compensation and optimization sustains the exchangg@mmercialization of active pow&. Static
of electric power greatly as a part of ancillaryvéees. compensators (capacitive and inductive) may be

The consumption of the reactive power follows aremynerated according to their investment costs and
similar demand against time curve as the activegppw depreciation of their useful lived

especially for motor loads and furnaces. Thereftire, To address the above mentioned needs, in present

operation and cost a_llocatlon of reactive powevasy . study, both active and reactive power productiostso
important to the running and management of germrati . .
of generators and capital cost of capacitors are

and/or transmission comparifes : . ot .
A fixed tariff on thg remuneration for reactive considered in the objective function of OPF prohlem

power is insufficient to provide a proper signal of Then a new method based on the ant colony algasithm

reactive power coé. Berg et al.®! pointed out the and advanced sequential quadratic programming is
limitations of a reactive power price policy based €mployed to solve the OPF problem. The IEEE 14-bus
power factor penalties and suggested the use dfystem has been used for case study. Differenttbge
economic principles based on marginal th&bry functions are applied in the simulation tests tgeste
However, these prices represent a small portiothef their impacts on reactive power prices.
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OBJECTIVE FUNCTION AND CONSTRAINTS

Objective function is the summation of active and
reactive power production costs,
generators and capacitor banks:

Ng Nc
C=2[CrRI G+ GQ: ()

1= ]=
Where
Ng = Nnumber of generators
N¢ = Number of buses which capacitor banks

are installed

Cyi(Psi) = Active power cost function inibus
Cyqi(Qsi) = Reactive Power cost function thbus

C¢j (Qg) = Capital cost function of capacitor bank in
i"bus

Cost function of active power used in (1) is
considered as follows:
Cgpi(PGi)= at bBi+ CE (2)
The capacity of generators is limited by the

synchronous generator armature current limit, takl f
current limit and the under-excitation limits. Basa of
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Fig. 1: Modified triangle method for reactive power
cost allocation

P+d=S

Cost(P i+ Cost(Q¥ Cost(¢ (©)

For expressing active power cost, we replacen(4) i
(2) as follows:

Cost(P )= Cost(Pco8( )) %

=a+bcosp )P+ ccds( = & b’ 8

Using (2) and (5) the new frame of reactive power
pricing can be written as given below:

Cost(Q ) Cost(Ssh@( } Cost— b (

cos@) (8)

these limits, the production of reactive power may=a+ bsin@)Q+ csif§ )®= & D@ "c®

require a reduction of real power output. Oppottuni
cost is the lost benefit of this reduction of realwer
output of the generator.

It is assumed that the reactive compensators are
owned by private investors and installed at some

Opportunity cost depends on demand and supply iBelected buses. The charge for using capacitors is

market, so it is hard to determine its exact valne.

assumed proportional to the amount of the reactive

simplest form opportunity cost can be considered agower output purchased and can be expressed as:

follows:

Cgpi (QGi):[Cgpi (Ssi,max )_ Cgpi( \/ SSi.max_ 66')] D l (3)
Where:

Seimax = Maximum apparent power iff bus

Qsi = Reactive power of generator fhbus

K = Reactive power efficiency rate (usually

between 5-10%)

Modified triangle method is an alternative strgteg

for reactive power cost allocation.
According to Fig. 1 we can write:
P = Pcosh = Scds§( 4)

Q' =Qsin@)= SsiA @ ; 5)

Using (4) and (5) we have:

957

Cqy (ch)= FQy (8
where, y and Q; are the reactive cost and amount
purchased, respectively, at location j. The produact
cost of the capacitor is assumed as its capital
investment return, which can be expressed as its
depreciation rate. For example, if the investmest of

a capacitor is $11600/MVA and their average working
rate and life span are 2/3 and 15 years, respégctive
cost or depreciation rate of the capacitor can be
calculated by:

[ = investmentcost
' operating hours
_ $11600  _ $0.132
T 15x365¢ 24 2/3  MVAh
In the reactive power cost optimization, the aetiv
power output of generators is specified. The bus
voltage, the reactive power output of generatord an

)
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capacitors are the control variables. The equality min f(x)
inequality constraints include the load flow eqoas, i ,
active and reactive power output of generators;tiea h (X)=0 1=1.2.3...N, (14)
power output of capacitors and the bus voltagetdirai g, (X)>0 i1=1.2.3....N,,
the normal operating condition, as shown below:
Load flow equations: The corresponding Lagrange function of the

problem is formed as:

P~ R _Z‘VHVHMCOS@J‘ +3-6)=0

- 9) p m
Qs = Qo = 2| V||V Y, sin@ +§ -3)=0 LOG) =100 + 2 Ag((X) + 220,09 (15)
i= j=
Active and reactive power generation limits: where, % is the Lagrange multiplier for the™i
constraint.
Poimin € R € R max Based on the above mathematical model the
Qairmin < Qui < Qs e (10) corresponding Lagrangian function of this optimizat

problem takes the form of (16).

According to microeconomics, the marginal prices
for active power and reactive power 3bus aré\,; and
Aqi respectively and will be taken as the correspandin
spot prices in the electricity mark@éts

Capacitor reactive power generation limits:
OS QCj = QCj,max (11)

Transmission line limit: L =Z[Cgpi(PGi)+ Cou (Qu )} +Y 6 ()
i0G joc
Rl < Boa - B=[ MWl Y] .
2 (12) - )\p{PGi—FE)i— V|| V[ Y;|cos@ +3 -9 )}
COS(eij+5j—§ )—‘VI‘ ‘Yj‘cosq %“ z‘ H H ‘ §

S AR ED)

Bus voltage limits: i
+ ) P. —-P.)+ ) P.—- P. 16
Vivmins‘v“svivmax (13) % l‘lpl,max( Gi,min GI) éupl,max( Gi Gl,ma)) ( )
+Z ucj.min (QCj,m\n - QCj) + z ucj,max ( ch - ch,max)
Where: e e
Ppi and Q; = The specified active and reactive +Y p (P2 + Q% - %,max)szzrlu(\ R~ JF,’max)
demand at M load bus, ™ NN
respectively v (v,  —Iv|)+ VARV
v,08, = The element of the admittance %: V"m'"( o | ") %: V"max(‘ | "max)
matrix

Pgiminand Rimax = The lower and upper limits of o
' ' active power generation at” i Ant Colony Optimization (ACO) method handles

generator, respectively successfully various combinatorial complex problems

Qaiminand Qi max = The lower and upper limits of Dorigo has proposed the first ACO method in hishPh.
reactive power generation af i thesi§'®. ACO algorithms are developed based on the

generator, respectively observation of foraging behavior of real ants. Aligh
Qcj,max = The upper limits of reactive power they are almost blind animals with very simple

output of the capacitor individual capacities, they can find the shortesite
Vimnand imax = The lower and upper limits of petween their nest(s) and a source of food withsirtg

voltage at'' bus, respectively visual cues. They are also capable of adapting to

changes in the environment; for example, findingea
%hortest path once the old one is no longer feasibe
to a new obstacle. The studies by ethnologistsaleve

The general-purpose optimization problem can b
expressed as:
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that such capabilities are essentially due to wbkat initial trials is uniform. The initial ant colonyan be
called pheromone trails, which ants use to comnateic Written as:
information among individuals regarding path and to C® = (X, X, X )T for X,0S
decide where to go. During their trips a chemicail t
(pheromone) is left on the ground. The pheromondntensity matrix: At initialization phase, the elements
guides other ants towards the target point. Fumtbee,  of trail intensity matrix {u.) are set to a constant
the pheromone evaporates over time (i.e., it |03€Ravel:rij:r0, 1>0.
guantity if other ants lay down no more pheromotife).
many ants choose a certain path and lay dowmNumber of ants: Let b(i) (i = 1,2,...,N) be the number
pheromones, the quantity of the trail increasesthnd  of ants in point i and at the beginning b(i) = I.
this trail attracts more and more aHt”. Each ant Ant's visibility: Ant’s visibility can be defined as:
probabilistically prefers to follow a direction hicin
pheromone rather than a poorer one. o 1

The basic ACO method was inspired by the bl =20 1+ e‘ak’T)D" (A7)
behavior of real ant colonies in which a set offiaral
ants cooperate in solving a problem by exchangingvhere, K is the cycles counter ang iB the upper limit
information via pheromone deposited on a graph. Thef ant’s visibility. With the running of GACO, the
basic ACO is often to deal with the combinatorial visibility D(K) decreases and the exactitude ofrska
optimization problems. The Generalized Ant Colonyincreases gradually. [fx, -x |<D(k) then the ants can
Optl_mlzatlon (GACO) can be used to solve_ thetransfer from point i to point j.
continuous or discontinuous, nonconvex, nonlinear . . _ '
constrained optimization problems. The characiesist Where|]| is a kind of norm, which is defined as:
GACO are positive feedback, distributed computation
and the use of constructive greedy heuristic. The X = Max|x;
proposed GACO algorithm has the following feature.

X =[Xp, X gy X ]

1<i<n

Step 2:For the ants on the pointi (i = 1,2,... N), b(i)>1

* The points in feasible region are regard as antspe neighborhood search for transition is definged a
After some iteration, the ants will centralize a¢ t

optimum points, one or several. There're two
choices for an ant in each iteration: moving teeoth
ants’ point or searching in neighborhood

* The iteration would be guided by changing the If A, #® go to step 3, else go to step 4. Hérés
distribution of intensity of pheromone in feasible empty set.
region

* The Sequential Quadratic Programming (SQP) isStep 3:Let m be the quantity of elements in the sgt A
used as neighborhood-searching algorithm towe set:
improve the precision of convergence

» The roulette wheel selection and disturbance are @, =F(X)-F(X)  OX OA
used to prevent the sub-optimization in GACO 1 5

®; :E(W_l) z cDij

The convergence property of GACO is studied X; OA,
based on the fixed-point theorem on a completeimetr
space, presents several sufficient conditions fowhere, F(X) is objective function. Transition

convergence. probability is defined as:
The procedure of a GACO method can be

described as follows.

A ={ x| % X <D }

(18)

1
()" (H XJZD:A‘ (T;))”

Step 1:Initialization. R = i (19)
(@)% D, (@) + D ()" (y)"

Initial population: An initial population of ant colony M X0, XA

individuals X (i = 1,2,...,N) is selected randomly from (@)% (1;)"

the feasible region S. Typically, the distributiar R (20)

@) T @)+ T (@) ()"

iOA; XA
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where,y; andy, are parameters that control the relatives
importance of trail versus visibility.;Fs the probability

of neighborhood search. We note that with the dessre
of F(X;) thet; and R increase. By (19) and (20) we
see:

> R+R=1 (1) -
X, A,

The roulette wheel is used for stochastic selactio
If the selection result is g;Rarry out the update rule I.

Update rule 1: Moving an ant from point i to point j.

If dissatisfying the convergence condition, cancel
the result from step 2-4 and go to step 2

If the results are not changed after NI iterations,
disturb the ant colony by increasing the visibility

and neighborhood of search. Here NI is a
coefficient

If K< T, K = K+ 1 then go to step 2, else print bes

result and stop

TEST SYSTEM AND SIMULATION
RESULTS

In this research IEEE 14-bus test system is used t

b(i) = b(i)-I, b() = b()+l, Aty = Ry, Xi — X;and go  test the proposed measurement placement algor&hm.
to step 5. _ _ schematic of this test system is shown in Fig. @ it

If the selection result isoPcarry out the update (jio1 data are provided frdtfl. There are three
rule 2. generators on buses 1, 2 and 9 respectively. The
nominal apparent power output of each geoers
125 MVA. The lower and upper limits of power output
are 20 MW and 125 MW. The active power production
cost of each generator is:

Update rule 2: Carrying out search by Sequential
Quadratic Programming (SQP) algorithm in the
neighborhood of X The neighborhood defined by:

Sk :{Y‘HXi - Y| <aD(k)} Cyui(Ps )= 75+ 750R + 4208 ($/hr)
where,a is a positive parameter ardl(0,1). Let the

result of neighborhood search be Y, then XY and: All the parameters stated here are in per uniaon

100 MVA base. There are capacitors installed on%us
with the total capacity of 50 MVA. We assume the

o1 ) . .
(FX) = F(Y))" ™ > ()" reactive power output can be adjusted continuously.

At = i XA (22) The other system operation limits are:
(q)ii)y1 (* Z (Tij ))V2 + Z (q)ij )Vl(Fj )y2
M oA, XA, . -
«  Transmission limit{R|< 1.8
Go to step 5. + Voltage limit: 0.95<|V|<1.05

Step 4: Searching in neighborhood quadratic,
programming (SQP) algorithm. Let the result be Y,
carry out the update rule 3.

(6) cenerarors

Update rule 3: X; — Y, Atj = r, where r is a positive
constant.

Step 5:Updating the trail intensity matrix according to
the following formula:

T;(K+1) =pt (k) +Ay Oi#jX OA (23)

where,p is a coefficient such that (@) represents the
evaporation of trail between time K and K+1.

Step 6:After iteration all ants have complete one move,
calculate the results for everyXC*. Here ¢ is the ant
colony in K iterations:

Fig.
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Swing bus settings: ¥=1.05 and; = 0
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Table 1: Test results of cases 1-4 based on opptyritpst

Objective Function Case 1 Case 2 Case 3 Case 4
S =P+ jQ, 0.9096- j0.236 0.9103- j0.000 0.9120-j0.1664 0.9104+ j0.024
' i =1' 2.9) ' 0.9443+ j0.396 0.9453+ j0.155 0.9473+ j0.555 0.9469+ j0.184
" 0.7974+ j0.065 0.7964+ j0.075 0.7929+ j0.106 0.7948+ j0.091
Reactive power output of capacitor on bus5 0.5 0.5 0.2298 0.4304
System losses 0.0613 0.0620 0.0622 0.0621
Total active power production cost of generators 023289 3203.784 3204.314 3204.021
Total reactive power production cost of generatofs 1.12155 0 1.6169
Total capital cost of capacitors 0 0 3.042891 59833
Total cost 3202.489 3204.906 3207.356 3211.3375
[15.141] [15.145] [15.161] [15.151]
15.432 15.442 15.456 15.450
16.533 16.595 16.582 16.616
15.919 15.951 15.960 15.968
15.819 15.845 15.855 15.860
16.109 16.148 16.164 16.171
. . . . 15.767 15.794 15.804 15.809
Marginal price of active price $/MWh
15.767 15.794 15.804 15.809
15.684 15.708 15.719 15.722
15.839 15.868 15.880 15.885
16.010 16.046 16.059 16.066
16.397 16.445 16.464 16.472
16.401 16.450 16.468 16.477
116.372] 116.417] 116.431 116.444
[0.000] [0.001] [0.001] [0.017]
0.000 0.112 0.001 0.134
0.286 0.401 0.329 0.436
0.098 0.184 0.188 0.228
0.004 0.079 0.133 0.133
0.062 0.154 0.216 0.222
Marginal price of reactive price $/Mvarh 0.114 0.203 0.204 0.249
0.114 0.203 0.204 0.249
0.121 0.211 0.211 0.259
0.177 0.270 0.279 0.321
0.153 0.246 0.280 0.306
0.164 0.259 0.320 0.329
0.222 0.318 0.372 0.386
0.315] 0.413] | 0.435| 0.477|
In order to study the impacts of various factons o The computer test results for cases 1 to 4 based o
the marginal price of reactive power, seven cases aopportunity cost and modified triangle method for
studied: reactive power cost allocation are listed in Tablend

2, respectively. The four cases are used to sthdy t
«  The objective function has only the first item Bf ( impacts of OPF objective functions on reactive powe

. g : : - marginal price (RPMP).
\-mﬁ gglpzcé;;/; fcuons(itlr?englr:e ifeznly the first two items According to Table 1 and 2, the following results

S X ' are obtained:
e The objective function has only the first and the
third items with reactive power production cost of,  The total active power production cost and the

generatprs.neglecte_d _ active power marginal prices at various buses have
» The objective function has all the three items as  only small changes when the objective function
described in (1) changes
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Table 2: Test results of cases 1-4 based on mddifiengle method

Objective Function Case 1 Case 2 Case 3 Case 4
S.=R+Q 1.014- j0.165 0.9006- j0.025 1.014~ j0.165 0.9002+ j0.015.
i ( _Gli ) Jg \ : 0.8611+ j0.729 0.954+ j0.1186 0.8611+ j0.729 0.9566+ j0.196
e 0.7811+ j0.173 0.7971 j0.068 0.7811+ j0.173 0.795+ j0.089
Reactive power output of capacitor on bus 5 0 0.5 0 0.4289
System losses 0.0662 0.0617 0.662 0.0618
Total active power production cost of generators 862836 3171.453 2886.736 3166.595
Total reactive power production cost of generator9) 257.392 0 262.967
Total capital cost of capacitors 0 0 0 5.67859
Total cost 3202.489 3428.846 2886.736 ~3435.241
16.1120 [15.0621] [16.1120) 15.0606
14.0782 15.3523 14.0782 15.3555
14.3715 16.4938 14.3715 16.5134
14.7567 15.8573 14.7567 15.8729
14.9852 15.7530 14.9852 15.7655
15.0024 16.0539 15.0024 16.0763
. . . ) 14.6970 15.7009 14.6970 15.7143
Marginal price of active price $/MWh
14.6970 15.7009 14.6970 15.7144
14.6624 15.6155 14.6624 15.6277
14.7433 15.7749 14.7433 15.7903
14.8777 15.9522 14.8777 15.9716
15.2723 16.3486 15.2723 16.3783
15.4199 16.3535 15.4199 16.3872
1 15.2009 116.3211] 1 15.2009 116.3701]
[2.5378] [0.0014] [2.5378] [0.0009]
4.8973 0.0998 4.8973 0.1204
3.9693 0.3888 3.9693 0.4272
3.1288 0.1780 3.1288 0.2284
2.6011 0.0739 2.6011 0.1324
2.1705 0.1447 2.1705 0.2488
. . . ) 2.8925 0.1982 2.8925 0.2703
Marginal price of reactive price $/Mvarh
2.8925 0.1982 2.8925 0.2703
2.7661 0.2072 2.7661 0.2911]
2.6321 0.2647 2.6321 0.3525
2.3893 0.2393 2.3893 0.3350
1.9138 0.2492 1.9138 0.3608
1.7177 0.3084 1.7177 0.4229
1 2.2207| | 0.4060) 1 2.2207| 1 0.5491]

For each test case, active power marginal prices at
various buses are in the same order while the
RPMP fluctuates significantly from bus to bus.
Generally the active power marginal price is much
higher than the RPMP at a certain bus. In our case
it is about 100 times as much as RPMP under
normal conditions
The total reactive power production cost changes
apparently along with the objective function
change. Although the cost is small, it can
accumulate into a large amount
When the capacitor cost and/or the reactive power
generation cost is neglected, the corresponding
reactive power source bus(es) will have zero or
962

very little RPMP(s) for the free reactive power

available locally. The nearby buses also get
benefits and have small RPMPs. For example bus 6
of case 2, which is close to bus 5 where the
capacitor is installed, has much smaller RPMP as
compared with bus 14 which is far from

reactive power sources. When all 3 kinds of
reactive power production cost are taken into
consideration, the corresponding RPMP increases
noticeably (case 4), which gives the load an
incentive to reduce its reactive power demand.
Besides, the revenue to the reactive power
producers will encourage them to invest and
provide enough reactive power
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* When the modified triangular method is used for6.
reactive power pricing, the corresponding RPMP at
all bus increases noticeably

 The proposed method based on the ant colony
algorithms and advanced sequential quadratic
programming capable to find global optimum 7.
solution for the OPF problem

CONCLUSIONS
8.
In this study the reactive power marginal price is
studied in detail. Both active and reactive power
production costs of generators and capital cost 09.
capacitors are considered in the objective functbn

OPF problem. Then a new method based on the adf.

colony algorithms and advanced sequential quadratic
programming is employed to solve the OPF problem.
The IEEE 14-bus system was used to test the

validity of the methodology, considering four olfjee ~ 11.

functions. Test results may confirm that partidipatof
the generators in the reactive power market is iapb
for the participants of a competitive electric n&trk

It has been observed that the reactive powef?2.

marginal price is typically less than 3% of the
corresponding active power marginal price.

Based on this study the major conclusions of this
work are:

* The reactive power production cost and the capital 3.

investment of capacitors should be considered in
reactive power spot pricing for their noticeable

impacts on reactive power marginal price 14.

* Reactive power marginal cost can serve as a
system index related to the urgency of the reactive
power supply and system voltage support and an
incentive to improve load power factor and reduce
reactive power demand

* When the modified triangular method is used forl5.

reactive power pricing, the corresponding RPMP at
all bus increases noticeably
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